ABSTRACT: Localized surface plasmon resonance (LSPR) spectroscopy has been widely used for label-free, highly sensitive measurements of interactions at a surface. LSPR imaging (LSPRi) has the full advantages of LSPR but enables high-throughput, multiplexed measurements by simultaneously probing multiple individually addressable sensors on a single sample surface. Each spatially distinct sensor can be tailored to provide data regarding different surface functionalities or reaction environments. Previously, LSPRi has focused on single-particle sensing where the size scale is very small. Here, we create defined macroscale arrays of nanoparticles that are compatible with common patterning methods such as dip-pen nanolithography and multichannel microfluidic delivery devices. With this new LSPR sensing format, we report the first demonstration of multiplexed LSPR imaging and show that the increased throughput of our instrument enables the collection of a complete Langmuir binding curve on a single sensor surface. In addition, the multiplexed LSPR sensor is highly selective, as demonstrated by the hybridization of single-stranded DNA to complementary sequences immobilized on the sensor surface. The LSPR arrays described in this work exhibit uniform sensitivity and tailorable optical properties, making them an ideal platform for high-throughput, label-free analysis of a variety of molecular binding interactions.
S
ensor arrays comprise multiple individual sensors operating in parallel in a defined geographic space; they allow simultaneous detection of multiple signals because each sensor component can be individually tailored to achieve a unique specificity or response to the environment. Thus, sensor arrays enhance the analysis of complex systems compared to single sensors by creating a more complete picture of the environment. Sensor arrays are frequently used for the detection of pressure variations, 1 gases, 2 vapors, 3, 4 biomolecule interactions, 5 redox reactions, 6 and ions. 7 The application of sensor arrays to new technologies and new problems will drastically enhance our ability to study and monitor complex systems.
Due to their unique complexity, biological systems are an ideal candidate for study with sensor arrays. These arrays can utilize optically active components such as fluorophores, quantum dots, and plasmonic materials, which allow for easy, optical readout. Among these, surface plasmon resonance (SPR) has emerged as an ideal candidate for array-based sensing because it negates the need for analyte labeling. Plasmon resonance occurs when incident light impinges upon nanoscale metallic films, causing the resonant oscillation of conduction electrons and wavelength-selective absorption. This resonant absorption is dependent upon the refractive index at the metal−dielectric interface, so that biomolecule binding to the metal surface results in shifts in the absorption spectrum of the film. Commercial SPR sensors can incorporate 400 unique receptors on a single chip. 8 In academic studies, SPR arrays are being developed to analyze RNA, 9 viruses, 10 proteins, 11 carbohydrates, 12 and small molecules. 13 Localized surface plasmon resonance (LSPR) is a detection technique closely related to SPR that capitalizes on the unique properties of nanoscale metal particles. In LSPR, the planar noble metal film of the SPR sensor is exchanged for arrays of noble metal nanoparticles. Due to the discrete nature of these nanoparticle arrays, light impinging on the sensor surface results not in surface propagating plasmons but rather in localized surface plasmons with short decay lengths on the order of 5−10 nm. 14, 15 Molecular binding events on the surface that cause refractive index changes within the plasmon sensing volume result in spectral shifts in the plasmon resonance. The localized nature of these plasmons leads to reduced bulk refractive index sensitivity and increased sensitivity to molecules binding to the LSPR sensor surface, thus drastically reducing the impact of background signals that result from changes in the surrounding medium. 16 As a result, LSPR instrumentation is unencumbered by the bulky temperature-controlled housing used in SPR instruments and can easily be made portable. 17 These advantages make LSPR an attractive analytical technique, especially for field applications involving small-molecule detection. 16, 18, 19 Despite its advantages, few attempts to advance LSPR sensing by developing array-type sensors have been made. 20 This remains a major challenge to the commercial implemen-tation of LSPR sensing. LSPR sensing is typically performed with low throughput, where readout is accomplished by use of either single-spot readout from nanoparticle arrays or individual, optically isolated nanoparticles via dark-field imaging. 21, 22 Attempts to increase the throughput from LSPR sensors have involved imaging nanoparticle arrays but without collecting spectra, thus decreasing the analytical information obtained. 23 We report the first demonstration of full spectral imaging of macroscale LSPR sensor arrays based on discrete LSPR sensors composed of surface-confined nanoparticle arrays. The LSPR sensor arrays are illuminated with white light filtered through a liquid crystal tunable filter (LCTF), which allows full access to either the visible or near-IR spectral range. As the LCTF scans through a wavelength sequence, a camera takes a series of images that are later analyzed for intensity information. These intensity maps are then correlated back to illumination wavelength in order to construct a spectrum for each nanoparticle array region in the image. We show that this technique allows for simultaneous refractive index detection from multiple LSPR sensors, with a spatial resolution that is theoretically only diffraction-limited. Imaging an LSPR sensor array functionalized with biotin and exposed to varying concentrations of anti-biotin enabled the determination of the biotin/anti-biotin binding constant in a single-exposure experiment. In addition, an LSPR sensor array patterned with single-stranded (ss) DNA was able to specifically detect the binding of complementary ssDNA while rejecting nonspecific binding.
■ EXPERIMENTAL SECTION
Instrument Design. The sample chamber of a GWC SPRimager II instrument was modified to accommodate a liquid crystal tunable filter (LCTF; CRi, VariSpec) and a flow cell. The LCTF is tunable with 0.7 nm resolution and can accommodate a wavelength range of either 650−1100 nm or 480−720 nm. The light polarization was set to s-polarization to maximize intensity. While selecting a polarization is unnecessary, the polarizer is a permanent part of the GWC instrument and is kept in place so that the instrument could be switched between LSPR and SPR measurement modes easily. The camera (with the GWC-installed band-pass filter removed) was positioned to align with the illumination beam path, and a DFG/SV1 frame grabber (The Imaging Source) was installed on the computer to interface the camera with LabVIEW software. A custom-written LabVIEW program automatically synchronized the LCTF wavelength selection and image acquisition to speed data collection. Three mirrors redirected the light through the sample and LCTF into the camera. A schematic of the instrument design is shown in Figure 1 .
Intensities of given regions of interest (ROIs) were extracted from images with ImageJ and further data analysis was performed in Origin. The extinction at each wavelength was calculated from
where I PA is the intensity of the particle array, I REF is the intensity of bare glass, and I DARK is the background light intensity. A single wavelength scan was used to collect I PA and I REF from substrates comprising regions of both particle arrays and bare glass. Background intensities (I DARK ) were obtained in a separate wavelength scan with the beam blocked. Each wavelength scan only took a few minutes, with the exact time depending on scanning conditions. Substrate Preparation. Glass coverslips (25 mm diameter, no. 2 thickness; VWR) were cleaned with fresh piranha solution for 10 min before rinsing and drying. Nanoparticle arrays were created by hole−mask colloidal lithography (HCL). Full details of the HCL technique have been published, so only a brief description is provided here. 24 A sacrificial layer of poly(methyl methacrylate) (PMMA) (MicroChem) was spin-coated on the glass, soft-baked, and exposed to oxygen plasma for 30 s. The sample was exposed to a 0.2% solution of poly-(diallyldimethylammonium chloride) (Sigma), rinsed, dried, and then exposed to a 0.2% solution of 190 nm diameter polystyrene beads (Thermo Fisher), rinsed, and dried. Physical vapor deposition of a 10 nm Au film was followed by removal of the polystyrene beads via tape-stripping, creating an etch mask comprising holes with the diameter and former positions of the beads. Reactive ion etching with O 2 plasma removed the PMMA directly beneath the holes in the etch mask and created a gold-coated PMMA mask for physical vapor deposition of a 2 nm titanium adhesion layer and a gold or silver plasmonic layer (of varied thickness). The mask was then removed by sonication in acetone, followed by water rinsing and drying, leaving behind an array of nanodiscs with a 190 nm diameter and a height that corresponds to the plasmonic layer that was deposited. A schematic of this process and a scanning electron microscopic (SEM) image of the resulting nanodisc arrays is shown in the Supporting Information ( Figure S1 ). The figure also shows 1-in. 2 samples that have been homogeneously coated with nanodisc arrays.
For multiplexing, substrates were patterned with individually addressable regions of nanodisc arrays by using a shadow mask during deposition of the plasmonic layer to create many isolated, circular regions of nanodisc arrays with the same metal thickness ( Figure 2 ). These isolated regions could then be individually functionalized by hand-spotting solutions of reagents on each region. In another format, a movable shutter was used to expose different regions of the substrate to the plasmonic metal deposition for different periods of time, Figure 1 . Schematic of LSPR imaging instrument. Collimated white light from the light source is sent through a polarizer and then directed via three mirrors through the sample into a liquid crystal tunable filter (LCTF). A single selected wavelength is sent through a lens to the CCD camera, which collects a single-wavelength black-and-white image. The computer cycles the LCTF through all the wavelengths of interest and triggers the CCD to take an image at each wavelength.
allowing deposition of different thicknesses of plasmonic metal in each region.
Glycerol Solutions. Aqueous solutions of glycerol (0%, 10%, 20%, 30%, 40%, 50%, and 60%) were prepared with Milli-Q water (18 MΩ) and used to measure the refractive index sensitivity of HCL samples. The refractive index range of these samples was approximately 1.33−1.41 refractive index units (RIU) as determined by Hoyt.
25
Biotin/Anti-biotin Binding. A self-assembled monolayer (SAM) was formed from a 13.6:1 mixture of hydroxyl/biotinterminated oligo(ethylene glycol) thiols (Sensopath), at a total concentration 2 mM in ethanol. HCL substrates comprising 38 nm Au nanodiscs were incubated in this solution for 16−24 h. The substrate was rinsed thoroughly with water and ethanol and then dried with nitrogen. The samples were exposed to solutions of varying concentrations of anti-biotin (Abcam) in phosphate-buffered saline (PBS) (Sigma) for 1−2 h. For each solution of a different anti-biotin concentration, a 0.5 μL drop was spotted on a circular region of the sensor by hand with a pipet.
DNA Immobilization and Hybridization. A SAM of mercaptoundecanoic acid (MUA, Sigma−Aldrich) was formed from incubation in a 2 mM ethanolic solution for 2 days. The sample was removed from the MUA solution, rinsed with ethanol and water, sonicated in 10% acetic acid for 8 min, rinsed with water, and dried with nitrogen. Half of the regions of the sample chip were then spotted with a mixture of 50 mM N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (Sigma) and 1 mM aminated probe DNA in 0.1 M 2-(Nmorpholino)ethanesulfonic acid (MES) buffer solution, pH ∼ 4.5. The spotted sample was allowed to incubate for 2 h in a hydration chamber. The probe sequence for immobilization ([aminoC6]ATCTAACTGCTGCGCCGCCGGGAAAATAC-TGTACGGTTAAG) and its perfect complement were ordered from Eurofins, MWG Operon. The substrate was rinsed thoroughly with water and ethanol and then dried with nitrogen. The sample was then exposed to 1 μM complementary DNA in Tris−EDTA buffer (10 mM Tris base, 1 M NaCl, and 1 mM ethylenediaminetetraacetic acid, pH adjusted to 7.6) for 1.5 h. The substrate was rinsed thoroughly with water and ethanol and then dried with nitrogen.
■ RESULTS
Monodisperse Sensor Arrays. A sample with dimensions of ∼2 cm by 1.5 cm was covered with a uniform array of gold nanodiscs that were 190 nm in diameter and 20 nm tall. A shadow mask was used to create nine individually addressable circular regions of the nanodisc array with diameters of ∼2 mm. An LSPR image of this surface at a wavelength of 850 nm is shown in Figure 3A . The LSPR spectrum of each region was obtained and fit with a Lorentzian model to determine the peak position ( Figure 3B) ; all regions displayed a remarkably reproducible maximum resonance at 864.6 ± 2.7 nm. The shift in this maximum was measured as a function of the bulk refractive index by use of aqueous glycerol solutions ( Figure  3C ). All regions also showed a very similar refractive index sensitivity of 263 ± 15 nm/RIU.
Simultaneous Evaluation of Multiple Plasmonic Substrates. Arrays of silver nanoparticles with the same footprints but different heights were examined. Figure 4 shows the spectra of five unique plasmonic regions, each displaying distinct optical properties, patterned on a single substrate. These substrates comprise arrays of silver nanodiscs with a diameter of 80 nm and heights that vary from 10 to 30 nm. Because the resonance position of these Ag nanodiscs lies in the visible wavelength region, variations in resonance position can be discerned by eye in the color photograph at the bottom of Figure 4 . The black and white series of images at the bottom show a progression of LSPR images taken at different points during a wavelength scan. The resonance of each area is the wavelength at which it appears lightest in the image series. As the height of the silver nanodisc increases, the aspect ratio decreases, giving rise to an increase in the resonance intensity and a blue shift, as expected. 26−29 A similar study was performed to screen gold nanodisc arrays ( Figure 5A ) with diameters of 190 nm and heights varying from 20 to 100 nm in order to determine the most effective substrate for biosensing. The large diameter gold nanodisc arrays all have resonances in the near-infrared; similar to the silver nanodisc arrays discussed above, the peak positions shift to the blue as the height increases ( Figure 5B ). It has been shown that plasmonic sensors with redder resonances display greater sensitivity than those with resonances in the blue region of the spectrum. 26, 30 The data we observed agree with this expectation; all substrates exhibit refractive index sensitivities above 200 nm/RIU ( Figure 5C ). The 40-nm-high substrate was chosen for biosensing applications as a compromise between high sensitivity, high extinction intensity, and the ability to accommodate the substantial red shifting that will occur during these applications (within the range of the LCTF).
Single Chip Binding Curve. A binding curve of anti-biotin with biotin was obtained by simultaneously exposing different regions of the single biotin-functionalized sample depicted in Figure 6A ,B to varying concentrations of anti-biotin. Anti-biotin concentrations ranged from 5 × 10 −10 to 5 × 10 −6 M; control spots were left bare during incubation. Due to the large imaging area of this instrument, it was possible to obtain 15 data points from a single experiment. Two LSPRi scans were taken, one before and one after incubation with anti-biotin; each required about 1 min to complete (∼500 ms/image). The shift in the resonance peak position for each region as a result of incubation was measured and plotted against the anti-biotin incubation concentration ( Figure 6C ). The data were fit to a Langmuir model to give a binding constant of (2.4 ± 5.8) × 10 −6 M, which is reasonable for an unoptimized system where biotin is tethered to the surface. 31 Simultaneous Evaluation of Multiple Reactions on One Chip. A substrate containing individually addressable regions of gold nanodisc arrays 190 nm in diameter and ∼40 nm in height was functionalized with a monolayer of mercaptoundecanoic acid. Specific regions were then modified with amine-terminated DNA via covalent attachment to the carboxyl-terminated SAM. The resonance peak shift from tethering the DNA to the surface is shown in Figure 7 along with the responses after the entire substrate was exposed to a complementary strand of DNA. The shifts seen are in agreement with the literature regarding both the amount of DNA that was tethered to the surface as well as the ∼50% hybridization efficiency with complementary sequences.
■ DISCUSSION
We have built an instrument capable of taking multiplexed, spatially resolved LSPR measurements by using a chargecoupled device (CCD) camera to monitor the transmittance of a ∼2 cm diameter collimated light beam through an LSPR sample cell. We used the HCL method to fabricate a homogeneous array of nanodiscs across 6.45-cm 2 substrates to create LSPR sensor surfaces that could take advantage of the large imaging area of our instrument. The performance of the combined system gave a uniform resonance peak position and sensitivity across the entire sample surface. This sensing uniformity demonstrates that the system can reliably be used for high-throughput heterogeneous analysis. We demonstrated the power of this system by screening plasmonic surfaces for sensor optimization as well as running common multiplexed bioassays.
In LSPR analysis, it is advantageous to engineer the plasmonic substrate to have a specific resonance. Given the diversity of nanostructured surfaces that are available, engineering an optimized sensor surface typically requires significant time to screen nanoparticles of different shapes, sizes, or materials. Here we demonstrated the ability to screen multiple plasmonic substrates simultaneously. In one example, the absorbance of silver nanodisc arrays was screened to evaluate how LSPR peak position changes with nanodisc height. This type of screen is useful for design of a resonance-enhanced LSPR assay, where the resonance of a chromophoric analyte overlaps with the resonance of a nanoparticle. It has been demonstrated that tuning the LSPR peak position to match the absorbance spectrum of an analyte can significantly enhance the observed signal for a binding reaction. 32−34 In a second example, the height of a gold, large-diameter nanodisc array was optimized for biosensing. Though all of the arrays exhibited high (>200 nm/RIU) sensitivity, we determined that 40 nm high gold nanodiscs provided the greatest combination of sensitivity and resonance peak position to develop a highthroughput biosensing substrate.
Binding curve measurements are ubiquitously used throughout the biochemical and pharmaceutical industries to characterize binding interactions with proteins. This assay requires measuring the equilibrium binding level of an analyte at a variety of concentrations. The concentrations must span the range from where no binding is detectable up to where probe binding sites are completely saturated with analyte, and this range is frequently multiple orders of magnitude. Hence, it can be necessary to monitor binding at 10 to 20 different analyte concentrations. When measurements are performed in sequence, binding curve assays are time-consuming and require large quantities of the analyte molecule. Running such assays in Figure 4 . Tunable optical properties. LSPR spectra from five different regions of a silver nanoparticle array were collected by measuring the grayscale intensity of single-wavelength images collected from 450 to 750 nm. Single-wavelength intensity measurements are shown as data points, and the fits to the data are shown as black lines. The fit results for the peak position are listed above the spectra. Underneath the spectra is a color picture of the sample, and on the right are a series of black and white images of the same sample taken at selected wavelengths. High extinction is represented as white, and low extinction is black.
a parallel format where all concentrations are monitored simultaneously significantly decreases the time required to complete the assay, and spotting only 0.5 μL of solution per sensor region minimizes the analyte quantity needed. Though multiplexed formats have been used before, typically they employ analyte labeling; LSPRi creates a multiplexed format where there is no need to label the analyte. We present the first reported binding curve of anti-biotin to biotin obtained with a single multiplexed LSPR measurement.
The ability to measure a "single-chip" binding curve is highly advantageous, but the results presented here are simply proofof-principle, and greater levels of parallelization are easily realizable. Some factors that limited the number of simultaneous measurements our instrument can take are the substrate size, field of view, and ease of fluid delivery. For our demonstration, these parameters were chosen to be convenient given the existing materials and components available in the laboratory. By reconfiguring the instrument to have a larger field of view and using a larger glass substrate, a larger sensing area can be achieved. Also, by taking advantage of more advanced fluidic delivery like robotic spotters or massively parallelized microfluidics, the number of individually addressable regions within a given area can be increased. 35 A commercial microspotter can pattern surfaces with 26 spots/ mm 2 , theoretically enabling our 2 × 1.5 cm sensor to contain 7800 individually addressable regions. This would provide the ability to run 7800 experiments simultaneously, further increasing the benefits of an LSPR imaging instrument like the one described here. To achieve such multiplexing, all regions must be spatially resolvable; the resolution of the instrument presented here is limited by a combination of the camera resolution and the focus lens, which are both trivial to change. None of these properties were fully optimized in the instrument presented here, and further improvements in this technology can readily be achieved.
A second type of high-throughput sensing involves detection of many analytes simultaneously from a single solution by immobilizing different probes on defined regions on a single surface. Here we show a simple proof-of-principle experiment where we observe DNA hybridizing to complementary sequences. The 50% hybridization efficiency observed is in agreement with the literature on hybridization of surfacetethered DNA. 36−39 The signal observed for immobilization indicates that DNA was tethered to the surface at a density of ∼2 × 10 12 molecules/cm 2 , which is in agreement with the literature for amine-immobilized DNA. 36 Though not demonstrated here, these studies could be expanded by immobilizing different strands of DNA at different places on the sensor substrate to create a single sample capable of detecting many distinct analytes. Such studies have been performed before with other detection techniques, 36, 38, 40, 41 and the results presented here are sufficient to prove that the same can now be done with LSPRi. Being able to directly detect analytes without the need for labeling or employing a sandwich assay has significant benefits for disease diagnostics. For example, diagnostics for Alzheimer's disease have been particularly difficult to develop. Recent research indicates that a panel of many different biomarkers show a distinct pattern of over-and underexpression in Alzheimer's patients. 42 A sensor that could detect the levels of all biomarkers in the panel at once could easily be created by immobilizing probes for each biomarker at a different place on an LSPRi sensor. Since there is no need to label the analytes, exposing the sample to blood and monitoring the LSPR shift would provide a quick test that would be the first to definitively diagnose Alzheimer's disease.
■ CONCLUSIONS
In this paper we described an LSPR imaging instrument created through modification of a commercial SPRi instrument (GWC Technologies). Proof-of-principle studies were presented to demonstrate homogeneity of sensing across a large field of view (∼1.1 cm 2 ), simultaneous measurement of the wavelengthdependent resonance of many nanoparticle array substrates patterned on a single surface, and the ability to perform multiple biosensing experiments simultaneously. This type of multiplexed patterning and imaging of nanoparticle arrays will dramatically expand the way that LSPR sensors can be used. LSPR is already recognized as a highly sensitive, label-free technique that can be easily made portable because of the simple detection equipment needed. By moving to a multiplexed modality, these advantages can be exploited to create truly powerful sensors. For example, one can easily imagine methods by which to fabricate a single device to detect a wide variety of chemical warfare agents, to increase the screening efficiency of therapeutics in pharmaceutical development, and to improve the diagnoses of disease. The work described in this paper is a collection of studies demonstrating the feasibility of using label-free LSPR sensors to meet these aims in the near future. . LSPR shift results from immobilization and hybridization of surface-tethered DNA. All data were obtained from a single sample. The black circles are data from immobilization of DNA to chip spot numbers 8−14 giving rise to a ∼7 nm shift. The red squares are the response when the entire chip was exposed to a solution of complementary DNA. Hybridization resulting in an additional ∼3.5 nm shift (∼50% efficiency) is observed only on the spots where DNA was immobilized.
